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Naval Postgraduate School 
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ABSTRACT 
A general, modular, pulse-propagation model for  under- 
water acoustics that i s  based on linear systems theory for  
sound-speed profi les a function of depth is presented. 
Results from two prelfminarycomputer simulation studies 
involving the transmission of CW and LFM pulses i n  the 
ocean are reported. The f i r s t  study examined a shallow 
water problem and used the transfer function of a Pekeris 
waveguide. The ocean surface and bottom were treated as 
smooth, plane boundaries between two f lu id  media and 
were characterized by general Rayleigh reflection coeffi- 
cients. The second study examined a free-space propaga- 
tion problem(i.e., no boundaries) and used a transfer func- 
tion of the ocean medium based on the WKB approximation. 
INTRODUCTION 
Since the wave equation i s  linear fo r  small-amplitude 
acoustic signals, the ocean medium can be treated, i n  gen- 
eral, as a linear, time-variant, space-variant, random f i l -  
ter or communlcation channel(e.g., see [ l1-[31). Although 
the linear systems theory approach to ocean acoustics has 
been in  the research l iterature since the middle 
1960's(e.g., see [4]-[61), most of the results have been very 
formal and abstract, that is, not amenable to  computer 
simulation. Based on recent successes i n  the derivation of 
ocean medium transfer functions[71,[81, it is now possi- 
ble(with the use of "coupling equations" [91) t o  derive an- 
alytical expressions for the complex acoustlc f ie ld  and the 
output electrical signal(pu1se) a t  each element in a hy- 
drophone array in terms of the frequency spectrum of the 
transmitted pulse, the far-field direct iv i ty functions of  
the transmit and receive arrays, and the ocean medium 
transfer function[71,[ 101. These same analytical expres- 
sions are also amenable to computer simulation stud- 
ies[ 1 1 ],[ 121. 
In th is paper, we shall present a general, modular, pulse- 
propagation model for  underwater acoustics that i s  based 
on linear systems theory and the coupling equations for  
sound-speed profi les a function of depth. The resulting 
model i s  analogous t o  the fast-f ield-wogram(FFP) tech- 
nrque[l31. The maln premlse i s  that since the coupling 
equations are, in fact, the formal solution of the pulse- 
propagatlon problem, and since the coupling equations de- 
pend on the transfer function of the ocean medium, the 
only thing that changes from problem to  problem, from an 
ocean acoustics point of view, i s  the transfer function. 
In this paper, we shall present a general, modular, pulse- 
propagation model for  underwater acoustics that i s  based 
on linear systems theory and the coupling equations for 
sound-speed profi les a function of depth. The resulting 
model i s  analogous t o  the fast-field-program(FFP1 tech- 
nique[l3]. The main premise i s  that since the coupling 
equations are, i n  fact, the formal solution of the pulse- 
propagation problem, and since the coupling equations de- 
pend on the transfer function of the ocean medium, the 
only thing that changes from problem t o  problem, from an 
ocean acoustics point of  view, i s  the transfer function. 
Therefore, regardless of the problem under consideration, 
the coupling equations only need t o  be programmed once. 
We shall present pre/iminacv results from two computer 
simulation studies that involved the transmission of CW 
and LFII pulses. The f i r s t  study examined a shallow water 
prGblem and used the transfer function o f  a Pekeris 
waveguide. The ocean surface and bottom were treated as 
smooth, plane boundaries between two f lu id  media and 
were characterized by general Rayleigh reflectlon coeffi- 
cients. A plot of the output pulse at the receive array il- 
lustrates the ef fects of dispersion. The second study ex- 
amined a free-space propagation problem(i.e., no bound- 
aries) and used a transfer function of the ocean medium 
based on the WKB approximation. 
ANALYSIS 
The pulse-propagation model to be discussed addresses the 
underwater acoustic problem il lustrated i n  Fig. 1. Figure 2 
i s  a mathematical block diagram representation of Fig. 1 .  
Both the transmit and receive arrays were assumed to be 
motionless. There are two major outputs from the pulse- 
propagation model. The f i r s t  output provides the magnitude 
and phase of the complex acoustic f ie ld  incident upon the 
receive array as a function of frequency and spatial coor- 
dinates. This information i s  important, for  example, for  
target localization using matched-field techniques[ 141, 
[151. The second output i s  the time-domain output electri- 
cal signals at  each element i n  the receive array. This in- 
formation i s  important, for example, to i l lustrate pulse 
distortion due to the ef fects of dlspersion i n  a waveguide, 
and as input data to space-time signal processing algo- 
ri thms. 
i f  we treat the ocean medium as a linear, ttme-invari- 
antho motlon), space-varlant f l l ter ,  then by uslng the 
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coupling equations[91, the formal solution of  the pulse- 
propagation problem i s  given by the following equations: 
is the complex frequency spectrum of the acoustic f ie ld  
incident upon the receive array at  spatial location 
- r =  (x,y,z) (see Fig. 2) and 
i s  the time-domain output electrical signal(pulse), where 
is the frequency and angular spectrum of the source dis- 
tribution xffit,C), Hff(f,g; _r) is the time-invariant, 
space-variant, random transfer function of the ocean me- 
dium, AR(f; _r) is  the complex frequency response (complex 
aperture function) of the receive aperture(array1, and 
where $ fv and $ are the transmitted spatial frequen- 
c ies iw i th  units of cycles per meter) in the .\: < and Z d i -  
rections, respectlvely. The transmitted spatial frequen- 
cies represent the initial directions of wave propagation 
at the source. Besides being the time-space Fourier 
transform of the impulse response or Green's function of 
the ocean medium, the transfer function H$,'f, Q ;  cl rep- 
resents the output acoustic f ie ld  at  spatial location c 
when a small-amplitude time-harmonic plane wave i s  
transmitted at  frequency f and in the in i t ia l  direction 
represented by p .  
As was previously mentioned, Eqs.( 11 and (2) represent the 
formal solution of the pulse-propagation problem for  a 
time-invariant, space-variant, ocean medium, In th is pa- 
per, we shall assume that the transmit aperture depicted 
i n  Fig. 1 i s  a planar array of MTx N i  (odd) complex- 
weighted point sources, centered at (+, = 0, v, = ,+, .; = O  ) 
and parallel t o  the XFplane. Since i n  most practical situa- 
tions an identical input electrical signal(pu1se) i s  applied 
t o  a l l  of the elements i n  the transmit array before the 
complex weights, it can be shown thatf 161 
x,(f,Y)=x(f),O,(r,Y), ( 6 )  
where 
i s  the far- f ie ld beam pattern of the transmit array, 
c,,,+f) i s  the frequency dependent complex weight at el- 
ement ( m ' , ~ ' ) ,  %,T and qST are the interelement spacings 
i n  meters In  the X and Y directions, respectively, the last 
complex exponential i s  a phase factor that accounts for 
the array being centered at (O,,kf, 0) instead of at the ori- 
gin (O,O,O),  
f ?T=(MT-  lV2, (8 )  
and X V )  i s  the complex frequency spectrum of the 
transmitted electrical signal. Note that a planar array au- 
tomatically includes linear arrays and a single omnidirec- 
tional point source as special cases. Therefore, substitut- 
lng Eq.(6) Into Eq.( 1 )  yields 
i s the overall system complex frequefqv respome, 
and co = c( ,,~i 1 i s  the speed of sound i n  meters per second 
at the depth 
of the point source element (m',n') i n  the transmit array. 
With respect t o  EqAlZa), the plus(minus) sign i s  chosen 
whenever y-y, > O(y-y < 0). The minus(plus) sign i n  
Eq.( 12b) corresponds to the plus(minus1 sign in EqA 12a) in 
order t o  generate evanescent waves Next, substituting 




and, If we assume that the receive aperture deplcted i n  
Fig, 1 i s  a planar array of MRxNR (odd) complex- (25) 
weighted point sources, centered at  (%, 4, % ) and par- 
a l le l  to the XYplane, then the complex receive aperture 1s the Spatial frequency i n  the radial direction, As a result, 
function i s  given by 
d$d$ + .f,dfrd{ . (26) 
Ap(f,-r)= c Therefore, upon substituting Eqs.(7), (221, (241, and (26) 
into Eq.( 1 1); and EqA25) into EqA 121, we obtain 
f f R  NK c wmn(f)6[x-(XR + m5,)I 
m -  MK n-NK 
xG[y-(yR +n$,,)lb(Z-z,),(15) 
HT ,vr 
where w,,(f) is the frequency dependent complex weight ")=y c c c,,(ff) 
0 m=-Orn-=-Nr 
r21 at element (m,n),  5, and dvR are the interelement 
spacings i n  meters i n  the %and Ydirections, respectively, x 6 Hff(ft f r ,  J,fy;r,),y)exp[-~.2nfrr'cos(d'- {)Id( 
and (27) 
Therefore, upon Substituting Eq.( 15) into Eq.( 141, we obtain 1/2 
* [ ( f / c0 ,2 - f , 2 ]  ,c sf /co, (28a)  
~1.v- (f/co 12] , 4 > f/co , (28b) 
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the following expression for the time-domain output 
electrical signaUpulse) at element (m,n) in the receive 
array afterbeam steering, that is, af ter  applying the com- 
plex weight w,,(f) : 
(18) (29) 
i s  the polar radial distance between element (m',n') i n  
the transmit array and the f ie ld  point, Y( 6 M, n, 5 1 exp(+ j2xf f  )df 
According to  Eq.( 1 11, we must perform a two-dimensional 
integration w i t h  respect t o  fx and fr in order to  evaluate 
the overall system complex frequency response. However, 
we shall demonstrate next that I f  Eq.(l 1 )  i s  expressed in 
cylindrical coordinates, and the speed of  sound i s  a func- 
t ion of depth, then it reduces to  a single integral. Equation 
( 1  1 )  can be expressed i n  terms of the cylindrical coordi- 
nates (i-,#,y) by using the following transformation 
equations: 
X=  f Cos), y = y  , I= r s i n )  (22) 
where 
4= tan- ' [z/(x-  M ' % ~ ) I  (30) 
is the corresponding azimuthal angle, and yo i s  given by 
Eq.( 13). Slnce in th is paper It was assumed that the speed 
of sound i s  a functlon of depth yonly, It can be shown that 
Jyft fr,C,fY;r,),y) =$y, .f,,v,;v). (31) 
Since r" depends on x and .: substituting Eq.(31) into 
Eq.(27) yields the following desrPedresu/t: 
where (23) 
I 2x 
~ ~ ( 2 n p *  I = zjo exP[-j2nfrr'cos(f - 511dt (33) In addition, the spatial frequencies must be transformed 
using the following set of equations: 
f =$cos { ,  f = f  f = f s i n {  X Y Y ' Z r  (24) i s  the zeroth-order Bessel function of the f i r s t  kind, yo i s  
glven by Ey.( 131, fv 1s given by Eq.(28), and r' is glven by where 
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Eq.(29). Therefore, in summary, the complex frequency 
spectrum of the acoustic f ie ld incident upon element 
(m,n) i n  the receive array i s  given by Eq.(21) and the 
ti me-doma i n output e I ec tri cal signal ( pul se) at el emen t 
(m,n) i n  the receive array after beam steering that is, 
af ter  applying the complex weight w,(f), is  given by 
Eqs.(l8) through (21 where the overall system complex 
frequency response i s  given by EqA32). 
OCEAN MEDIUM TRANSFER FUNCTIONS 
I t  can be shown that the transfer function of a Pekeris 
waveguide i s  given by the following set of equations 
and 
where 
1 + R~~ exp[ -j2,5,, ( D  - y )] 
P k - P2xy3 
y2 
R =  23 p k  + p k  3 Y2 2 Y3 
and v, i s  given by Eq.(l3). The depth of the ocean i s  D 
meters, where pll p2, and p3 are the constant densities 
In kllOgramS per cubic meter, and 5,  c2, and c3 are the 
constant speeds of sound in  meters per second in  media 
I(air), I I(sea water), and I I  Kocean bottom), respectively. 
Equations (37 )  and (38) are the Rayleigh reflection coeffi- 
cients at  the ocean surface and bottom, respectively. The 
computer simulation results for  the Pekeris waveguide are 
based on substituting either Eq.(34) or Eq.(35), whichever 
i s  appropriate, into EqA32). Alsu note th2t fv appearing fn 
the complex exponential in EqA32) must be replacedby f 
[see Eq.(40)1. 
Y2 
I t  can be shown that the transfer function of the ocean 
volume, based on the WKB approximation, i s  given by 
where 
and fv is given by Eq.(28). Note that 
The computer simulation results for the free-space propa- 
gation problem(i.e no boundaries) are based on substitut- 
ing Eq.(411 into Eq.(32). 
SIMULATION RESULTS 
The values of the parameters used in  the Pekeris wave- - 
guide problem are as follows: D =  loom, p,= 1.21kg/m3, 
2070 kg/m3, and c3 = 1730 m/s,  The transmit aperture 
was a 5 x 5  planar array centered at xr =Om, v, = 30m, . 
and zr = 0 m. The receiver was a single hydrophone w i t h  
coordinates 5 = 1000 m, 7, = 50 m, and z, = 0 m. Figure 
3 i l lustrates the transmitted CW pulse w i t h  a carrier fre- 
quency of 500 Hz, a duration of 100 ms, and a pulse repe- 
t i t i on  period of 400 ms. Seventeen frequency components 
were used for  the transmitted signal. Figure 4 il lustrates 
the received pulse. Distortion due to dispersion i s  clearly 
evident. 
c ,=343m/s,p2=1026kg/m 3 , c2= 1500 m/s, p3=  
1214 
The values of  the parameters used in  the free-space prop- 
agatlon problem are as fo l lows:  The ocean medlum was 
assumed t o  be isospeed w i th  co = 1475 m/s. Both the 
transmit and receive apertures were single, omnidirec- 
tional elements. The transmitted signal was a 
rectangular-envelope LFM pulse w i th  a carrier frequency 
of  400 Hz, a swept bandwidth of 60 Hz, a duration of 12.5 
ms, and a pulse repetit ion period of 50 ms. Twenty-nine 
frequency components were used. Figures 5 and 6 
i l lustrate the received LFM pulses at ranges of  100 m and 
1000 m, respectively., from the point source. Note that the 
received pulses are not distorted i n  shape and that the 
amplitude of the pulse shown in  Fig. 6 i s  0.1 the amplitude 
of the pulse shown i n  Fig. 5, as expected for free-space 
propagation i n  a homogeneous medium. 
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Figure 3. Transmitted pulse for Pekeris waveguide Figure 4. Received pulse for Pekeris waveguide problem. 
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